Abstract Coral adapts to its surrounding environment by expressing stress-responsive genes. Thus, it is expected that these genes can serve as helpful biomarkers for investigating the coral reef environment. We evaluated appropriate reference genes for accurately analyzing gene expression using quantitative real-time PCR (qPCR). In this study, we examined each appropriate reference gene for Montipora digitata, Pocillopora damicornis and Acropora nasuta. We employed analytical methods, including 2
Introduction
Coral reef ecosystems have been rapidly deteriorating around the world because of a variety of global and local stressors, such as elevated seawater temperature (Jokiel and Coles 1990) and water pollution (Dubinsky and Stambler 1996) . To protect these ecosystems, Morgan et al. (2001) suggested that certain coral stress-responsive genes would be helpful biomarkers for investigating environmental stressors, and several recent studies have analyzed stress-responsive gene expressions (Morgan and Snell 2002; Hashimoto et al. 2004; Edge et al. 2005) .
Quantitative real-time PCR (qPCR) is increasingly applied to the analysis of gene expression because of its convenient operation, prevention of PCR product carryover contamination, large dynamic range and the potential for high-throughput and accurate quantification (Heid et al. 1996) . However, Vandesompele et al. (2002) mentioned that several variables, such as the quality of the RNA and the efficiency of reverse transcription and PCR itself during the experiments, would introduce errors. Fortunately, a strategy exists to control these errors. Dheda et al. (2004) reported that an endogenous reference gene, or house-
Validation of internal reference genes for gene expression analysis in Montipora digitata, Pocillopora damicornis
and Acropora nasuta by quantitative real-time PCR keeping gene, would normalize the RNA fraction. Meanwhile, recent studies have made it clear that the typical reference genes, such as beta-actin (ACTB) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), are inappropriate for the proper validation when designing quantitative gene expression studies (Schmittgen and Zakrajsek 2000; Dheda et al. 2004; Morga et al. 2010) .
In this study, we evaluated appropriate reference genes from elongation factor 1 alpha (EF1A), beta-tubulin Each fragment weighing 100 mg was immediately soaked in 1 mL of phenol reagent ISOGEN (NIPPON GENE CO, Japan) to extract the RNA. These coral samples comprised the environment group (n＝8 for each coral species).
Effects of artificial rearing stress and high water tem perature
Coral fragments ~2 cm long were collected from Odo for stress investigation and kept for 2 weeks in a water tank with 200 L of recirculating artificial seawater "reef salt" (C. P. Farm Co, Japan). The temperature was maintained at 25±2℃ with thermostat-heater and aquarium cooler "GXC-100" (GEX Co, Japan); a 150 W metal-halide lamp was lighted daytime; planktons "plankton pack" (C.
P. Farm Co, Japan) of size LL were supplied 2 times per year. The fragments were transferred to a water tank with 10 L of the recirculating seawater mentioned above and maintained overnight until subsequent testing. The fragments were exposed to moderate (approximately 25℃) or high (above 31℃) water temperature in succession for 4
hours. Samples weighing 100 mg were taken and immediately soaked in 1 mL of ISOGEN. These coral samples were labeled as the lab group (n＝8 for each coral species).
Cloning
The coral fragments in ISOGEN were homogenized
with MicroMixer E-36 (TAITEC Co, Japan) for 10 min, and the homogenized samples were centrifuged at 12,000 ×g for 10 min. Total RNA was extracted from the supernatant according to the manufacture protocol. Total RNA was further purified with a deoxyribonuclease (DNase)
treatment Kit (NIPPON GENE CO, Japan). Re verse transcriptions from mRNAs were performed at 42℃ for 30 min and 99℃ for 5 min using a TaKaRa RNA PCR Kit AMV ver 3.0 (TaKaRa Bio Inc, Japan). PCR am plification of the EF1A, TUBB, ACTB, 18S, TBP and HSP70 genes was performed using cDNAs, designed primers (Table 1) and reagents from the TaKaRa RNA PCR Kit AMV ver3.0 (TaKaRa Bio Inc, Japan). The conditions used to amplify gene fragments were 94℃ for 2 min, followed by 94℃ for 30 sec, 50℃ for 30 sec, and 72℃ for 1 min for 35 cycles, followed by 72℃ for 5 min. The PCR products were gelpurified and cloned into a pCR4-TOPO vector (Invitrogen Corp., Carlsbad, CA, USA), and sub jected to sequencing.
The sequencing reaction was per formed with a BigDye
Terminator Kit V 3.1 (Applied Bio systems, USA), and the analysis was performed on an Applied Biosystems 760 system (Applied Biosystems, USA). The primers for realtime PCR analysis were de signed on the basis of the sequence data.
Gene expression analysis
Reverse transcriptions of the mRNAs were performed at 37℃ for 15 min, and then inactivated at 99℃ for 5 min.
Real-time PCR was performed on an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, USA).
In a total volume of 20 μL, the reaction mixture consisted of 20 ng cDNA, designed primers (Table 1 ) and reagents of SYBR Premix EX Taq Kit (TaKaRa Bio Inc, Japan).
The primers were designed on Primer Express Software Version 3.0 (Applied Biosystems, USA). Whenever possible, each primer was designed to fit into 2 exons separated by an intron. The conditions of real-time PCR were 95℃ for 10 sec, followed by 95℃ for 5 sec and 60℃ for 34 sec for 40 cycles, followed by 95℃ for 15 sec, 60℃ for 1 min, 95℃ for 15 sec, and 60℃ for 15 sec of the dis sociation stage.
Reference gene selection
Appropriate reference genes were selected from EF1A, TUBB, ACTB, 18S and TBP using the 2 −ΔCt method (Livak and Schmittgen 2001 ) and the following software: geNorm (Vandesompele et al. 2002) , NormFinder (Andersen et al. 2004) and BestKeeper (Pfaffl et al. 2004) . In order to select the most stable genes in both environment and lab groups, the two groups were analyzed at the same time.
The input data for analysis by geNorm and NormFinder used values calculated by the 2 −ΔCt method, while BestKeeper used raw cycle threshold (Ct) values. In addition, our suggested reference genes were analyzed under the effect of water temperature.
Characteristic of coral HSP70 gene for water tempera ture
Coral fragments (n＝4 for each species) were maintained overnight in a tank containing 10 L of recirculating artificial seawater. They were then exposed to 31℃ for 3-4 hours, after which they were cooled down rapidly to 25℃. Coral HSP70 gene expression was examined at 0 hours (25.0±1.0℃), 3-4 hours (31.0±0.2℃), 7-8 hours (after cooling to 25℃ and 4 hours after this cooling, 25.0 ±1.5℃), and 24 hours (25.0±1.4℃). HSP70 gene expression was quantified using the 2 −ΔΔCt method (Livak and Schmittgen 2001) . The water temperature was monitored once every 20 minutes using a HOBO data logger (Onset Computer Corp, USA). The EG ACTB mRNA storage was lower in M. digitata than in the other groups. The EG TUBB mRNA storage was higher and the HG ACTB mRNA was lower in P.
damicornis than in the other groups.
The 2 −ΔCt method In M. digitata, EF1A, TUBB, 18S, and TBP were ranked as the genes with low variation and an average fold change ＜2; ACTB was excluded as the gene showing high variation and an average fold change ＞2 (Fig. 1A) . Similarly, in P. damicornis, EF1A, 18S and TBP were ranked as the low variation genes with an average fold change ＜2 (Fig. 1B) . In A. nasuta, all five genes showed low variation and an average fold change ＜2 (Fig. 1C) .
geNorm
In this software, successive elimination of the least stable genes based on the highest average expression stability value (M) leads to the two most stable reference genes. A pair-wise variation calculated between two sequential normalization factors (NFn and NFn＋1) for five genes indicates the number of reference genes sufficient for accurate normalization (Vandesompele et al. 2002) . Fig. 2 shows the M values and the pair-wise variation for each coral species. EF1A and TUBB were the most stable genes in M. digitata, and EF1A and TBP were the most stable genes in A. nasuta; An analysis of the pair-wise variation for both coral species indicated that these two reference genes were sufficient for accurate normalization ( Fig. 2A, 2C) . Meanwhile, the appropriate reference genes for P. damicornis were EF1A, TBP and 18S because anal- ysis of the pair-wise variation did not indicate a sufficient number of reference genes for accurate normalization (Fig. 2B ). Our result is in accordance with Vandesompele et al. (2002) , who recommended the minimal use of the three reference genes for accurate normalization.
NormFinder
This software ranks candidate reference genes according to the least estimated intra-and intergroup variation (Andersen et al. 2004) . It excludes genes with a high coefficient of variation (CV＞0.4) from the calculation. Table 3 shows the stability value (ρ) of each coral species.
In M. digitata, ACTB was excluded from the analysis as the gene with a high CV, and EF1A, TUBB, TBP, and 18S
were ranked as stable genes. In P. damicornis, TUBB and ACTB were excluded, and EF1A, TBP and 18S were ranked as stable genes. In A. nasuta, ACTB and 18S were excluded, and TBP, EF1A and TUBB were ranked as stable genes.
BestKeeper
This software employs a statistical algorithm in which the Pearson correlation coefficient (r) for each candidate reference gene pair is calculated along with the probability of correlation significance of the pair (Pfaffl et al. 2004 ).
This method also requires excluding genes with standard deviations (SD) greater than 1 from the calculation. Table   4 shows the SD and CV values of five candidate reference genes. Table 5C) . Table 6 shows the synthetic rankings of the most stable genes of each coral species and analytical method. Our results indicated that EF1A, TUBB and TBP were the most stable genes of M. digitata by all methods (Table 6A) . The most stable genes indicated by all methods for P. dami cornis and A. nasuta were EF1A and TBP (Table 6B, 6C) .
Ranking of stable genes
Additionally, we showed that the expression of our reference genes was not affected by high water temperature (p＜0.05).
Characteristic of coral HSP70 gene for water tempera ture Fig. 3 shows the coral HSP70 gene expression under thermal stress conditions when the temperature was cooled rapidly from 31℃ (applied for 3-4 hours) to 25℃. In M. digitata, the expression of HSP70 at 31℃ was approximately 6 times higher than that at the beginning of the experiment, and the expression level of HSP70 was almost back to a difference of ＜2-fold after cooling to 25℃ for 4 hours. We obtained similar results with EF1A
and TUBB (Fig. 3A) . In P. damicornis, the expression of HSP70 at 31℃ was approximately 6-8 times higher than that at the beginning of the experiment; it was almost back to less than 2-fold change after cooling to 25℃ for 4 hours. We obtained similar results with EF1A and TBP (Fig. 3B) . In A. nasuta, the expression of HSP70 at 31℃ was approximately 7-9 times higher than that at the beginning of the experiment; the expression of the HSP70 gene was considerably diminished after cooling to 25℃ for 4 hours. We obtained similar results with EF1A and TBP (Fig. 3C) . Therefore, we believe that the qPCR technique performed well because we could fairly accurately quantify HSP70 gene expression using our sug- gested reference genes under thermal stress conditions.
Conclusion
In this study we examined appropriate reference genes for qPCR by coral species. The most stable genes appeared to be EF1A and TBP in M. digitata, P. damicornis and A. nasuta. TUBB was also indicated as a highly stable gene in M. digitata. Our results indicate that the internal reference genes depend on the coral species. Pagarigan and Takabayashi (2008) reported that POU transcription factor (Brn1) and ACTB were the most stably expressed genes, and EF1A exhibited the least stable expression in Pocil lopora meandrina Dana 1846, when subjected to longterm elevated nitrogen followed by an acute increase of temperature. However, our results indicated that EF1A was the most stably expressed gene in all of the coral species examined. We, therefore, emphasize the importance of examining the reference genes in each coral species under each experimental condition. Additionally, to confirm the stability of our suggested reference genes, we applied thermal stress to the corals and tried to quantify the gene expression of coral HSP70, which was sensitive to changes in the water temperature. We obtained similar results among our suggested reference genes. However, gene expression in P. damicornis and A. nasuta, as analyzed with our suggested reference genes, showed little difference. We consider that the Ct value of TBP was much lower than that of HSP70, and the small difference in the Ct value of TBP was fairly effective for logistic calculations like those of the 2 −ΔΔCt method. Thus, we suggest that reference genes should be close to the Ct value of the target gene.
In summary, we ascertained each appropriate reference gene needed for qPCR analysis for M. digitata, P. dami cornis and A. nasuta, and we could accurately quantify the expression of HSP70 under thermal stress conditions.
The importance of this study lies in its application to environmental studies on thermal stressors. We recommend determining reference genes empirically for each coral species and each stressor that affects coral reef ecosystems.
